The synthesis, structural description, temperature dependent magnetic susceptibilities and field dependent magnetizations of a series of rare earth garnets of the form Li3RE3Te2O12 (RE = Y, La, Pr, Nd, Sm-Lu) are reported. The structure of Li3Dy3Te2O12 is refined from powder X-ray diffraction data. The field dependent magnetizations saturate for some of the members by 9 Tesla at 2 K. Of particular interest for further study in this family is the behavior of the Pr, Tb, Dy and Yb garnets.
Introduction
Geometric magnetic frustration occurs when the crystal structure of a compound inhibits that system's preferred long-range magnetic ordering arrangement. [1] The archetypical example is for antiferromagnetically coupled spins on an equilateral triangular lattice; two spins can easily arrange antiferromagnetically, but the third has no easy choice. This inhibits long-range magnetic ordering to low temperatures, where order does typically emerge, at temperatures lower than the ordering temperature expected based on the Curie-Weiss theta, a measure of the average magnetic coupling strength. As long-range magnetic ordering is one of the most common electronic ground states, frustrated systems where it is inhibited can exhibit a variety of other, unusual ground states such as spin glass, spin ice, and spin liquid. [1, 2, 3, 4, 5] One structure type that prominently features triangular lattices of magnetic ions is the garnet structure, shown in Figure 1 (a). Garnets typically take the form A3B2C3O12, where A, B, and C can each be one of a large number of different atoms; the A atoms have 8 oxygen neighbors, and are frequently rare earth elements, the B atoms are frequently (magnetic or nonmagnetic) elements in octahedral coordination with oxygen and the C atoms are typically smaller late main group elements in tetrahedral coordination with oxygen. [6] Depending on the arrangement of magnetic and non-magnetic atoms in the structure, garnets can display a variety of magnetic properties, including ferrimagnetism [7] , geometric magnetic frustration [8, 9] , spin glass [8] , and spin liquid. [2] A somewhat unusual family of garnets which contain lithium have recently begun to attract attention for their potential application in Li-ion batteries. [10, 11, 12, 13, 14, 15] In these compounds, the lithium atoms occupy a variety of sites with an adjustable number per formula unit, to balance the charge. [16] It is important to note that, by convention, the formulas of Lithium-containing garnets are not written in the typical A-B-C order, but are written C-A-B, with the tetrahedrally-coordinated atom first, and the octahedrally coordinated atom last: e.g. Li3Gd3Te2O12, Li5Pr3Sb2O12 and Li7La3Zr2O12 are all materials with a garnet structure, with the number of Li-atoms adjusted to balance the charge of the octahedrally-coordinated ions, respectively Te 6+ , Sb 5+ and Zr 4+ . [13, 16, 17] The locations of all the Li atoms in these structures is a matter of some debate, but it is generally agreed that in the case of 3 Li atoms per formula unit, they occupy the standard garnet tetrahedral C-site. As more Li atoms are added to the structure, they begin to occupy nearby non-standard interstitial sites, as shown in Figure 1 (c).
While the fully-Li-occupied sites are ordered, intermediate Lithium contents result in random site occupancy and thus a degree of structural disorder on all Lithium sites. [10, 16, 17, 18] In the materials of interest here, the Li ions are ordered. [11] In this work we study the elementary magnetic properties of the Li3RE3Te2O12 family of lithium-containing garnets, which has been chosen for study because it displays the garnet phase for nearly the entire rare earth series (Y, Pr, Nd, Sm-Lu) in an ordered structure. To the best of our knowledge, two previous studies have been performed on this subject [19, 20] , but both focus on a smaller subset of lanthanides within the lithium garnet family and no full magnetic examination of the entire series has been reported.
Experimental
All samples were synthesized by standard solid state reaction. Powders of Li2CO3 (Alfa Aesar, 99.0%), TeO2 (Alfa Aesar, 99.99%) and the appropriate rare earth oxide (all Alfa Aesar and at least 99.99%) were mixed together in the proper stoichiometric ratio and ground with an agate mortar and pestle for at least 5 minutes, then placed in an alumina crucible. Li2CO3 was stored at 120°C for 24 hours before use. All rare earth oxides (Y2O3, Pr6O11, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Tb4O7, Dy2O3, Ho2O3, Er2O3, Tm2O3, Yb2O3 and Lu2O3) were heated at 800°C
for at least 3 days before use. Samples were placed into a furnace at 800°C and heated in air for two days with intermediate grinding. After one day of heating the temperature of the furnace was slowly increased to 1000°C (with the exception of the Lu compound, which was only heated to 900°C). Samples were removed from the hot furnace and air quenched to room temperature.
Samples frequently contained an impurity phase, Li4TeO5, which was reduced or eliminated with further heating in all cases. Attempts to synthesize the La, Ce and Sc members of this family under our conditions resulted in no detectable garnet phase.
Room-temperature powder X-ray Diffraction (XRD) measurements were taken using a Bruker D8 Advance Eco diffractometer with Cu Kα radiation (λ = 1.5418 Å) and a LynxEye-XE detector. The Bruker EVA program was used for phase identification. Powder LeBail and
Rietveld Refinements were performed using Fullprof Suite. Magnetic susceptibility measurements were taken using a Quantum Design Physical Property Measurement System (PPMS) Dynacool with a vibrating sample mount. Samples were placed in plastic sample holders, and measured as polycrystalline powders. Temperature-dependent DC magnetic susceptibility measurements were taken in an applied field of 1,000 Oe between 1.8 and 300 K.
Field-dependent susceptibility measurements were taken at 2 K.
Results and Discussion

Structure
All compounds in the family Li3RE3Te2O12 (RE = Y, Pr, Nd, Sm-Lu) were found to crystallize in the space group Ia-3d with the garnet structure, in agreement with previous results.
[ 11, 16, 19, 20] The lattice parameters of all compounds as determined by LeBail fits to the room temperature powder diffraction data can be seen in Table 1, and are in good agreement with previous results. Figure 2 shows the relationship between expected ionic radius and lattice parameter, indicating a fairly linear trend and a clear lanthanide contraction, is expected. Some sample LeBail fits are shown in Figure 3 . A Rietveld refinement was performed on Li3Dy3Te2O12 in order to obtain more in-depth structural information. The Dy compound was selected simply for having what appeared by eye to be the highest-quality powder pattern.
Previous studies have suggested that the Li atoms which sit on the tetrahedral interstitial sites can be observed through standard laboratory X-Ray Diffraction. [11] This is somewhat surprising, as the light Li atoms would normally be assumed to be comparatively undetectable in the XRD pattern, and would require neutron diffraction to observe. To test this result, two refinement models were used: One in which all atomic positions were refined, and one in which only the Dysprosium, Oxygen and Tellurium atoms were refined. The resulting fit can be seen in Figure   4 , and atomic positions, thermal parameters, and goodness-of-fit factors can be seen in Table 2 .
These results indicate that the model containing Li atoms is a slightly better fit. Critically for the magnetic properties, the rare earth atoms are fully ordered in one set of crystallographic sites, and the geometry of the magnetic ions is shown in Figure 1 (b).
Magnetism
The temperature-and field-dependent magnetic susceptibilities were measured for all Li3RE3Te2O12 compounds. The temperature-dependent susceptibilities were fit to the Curie- The magnetic characteristics of the materials studied will now be described on an individual basis.
Li3Pr3Te2O12
The magnetic susceptibility plots and Curie-Weiss fits are shown in Figure 5 . A high- magnetic susceptibility data, they do not report the results of a Curie-Weiss fit to the data. [19] Our field-dependent susceptibility curve measured at 2 K shows a nonlinear response to applied field but no signs of saturation up to 9 Tesla.
Li3Nd3Te2O12
Temperature-and field-dependent magnetic susceptibility curves for Li3Nd3Te2O12 can be seen in Figure systems and is attributed to a non-linear inverse magnetic susceptibility response arising from low-level ionic excited states [35] , as well as the temperature-independent Van Vleck paramagnetic contribution which is common in Sm-containing compounds. [36] As a result, this value as well as the large negative Weiss Temperature obtained from the high-temperature fit are not meaningful. The high-temperature values are thus omitted from Table 3 . Our characterization of the magnetization with respect to applied field of Li3Sm3Te2O12 shows a small degree of curvature, but the magnetization does not saturate at fields up to 9 T.
Li3Eu3Te2O12
As the Eu 3+ ion has angular momentum values of L = 3, S = 3 and J = 0, Eu 3+ has an expected magnetic moment of 0 µB. However, the magnetic susceptibility appears to show some temperature dependence as seen in Figure 8 . This is due to a combination of factors; the region between approximately 10 and 150 K is dominated by temperature-independent Van Vleck paramagnetism arising from the non-magnetic ground state. Above this temperature range, crystal field states have a visible effect and there is a clear temperature dependence. This is typical in Eu 3+ systems [31, 33] and while the resulting curve appears similar in shape to compounds with Curie-Weiss behavior, it is unrelated and a fit to the Curie-Weiss law will not result in any meaningful information. The increase in the magnetic susceptibility at very low temperatures is a common feature of Eu 3+ systems and is typically attributed to a combination of subtle magnetic interactions and small amounts of otherwise undetectable magnetic impurity.
[31, 33, 37] The magnetization with respect to temperature shows a very slight curvature at lower fields, but is almost entirely linear up to applied fields of 9 Tesla.
Li3Gd3Te2O12
The magnetic susceptibility measurements for Li3Gd3Te2O12 can be seen in Figure 9 . The inverse susceptibility with respect to temperature was well fit to the Curie-Weiss Law with no temperature independent term. In the high-temperature regime, the effective magnetic moment was determined to be 7.8 µB, and at low temperatures it was found to be 7.9 µB, both values in good agreement with the expect µeff for Gd 3+ of 7.94 µB. The Curie constant C was found to be 22.9 in the high-temperature region, and 23.2 at low temperatures. The Weiss temperature θW was found to be -2.0 K in the high-temperature region and -2.9 K in the low-temperature region, Mukherjee et al. [20] , but they do not report an M-H "loop" measurement.
Li3Dy3Te2O12
The DC magnetic susceptibility curves of Li3Dy3Te2O12 can be seen in Figure 11 . In an Mukherjee et al. [20] although much lower than the expected value of 10 µB. A similar low value for saturation has been observed in the related system Dy3Ga5O12.
[39]
Li3Ho3Te2O12
The temperature-and field-dependent magnetic susceptibility curves for Li3Ho3Te2O12 are shown in Figure 12 . 
Li3Er3Te2O12
The magnetic susceptibility data for Li3Er3Te2O12 is shown in Figure 13 . 
Discussion
The measured effective magnetic moments of the Li3RE3Te2O12 family, both high-and low-temperature values, are plotted in Figure 16 , along with the ideal values for free ion magnetic moments. In the garnet structure, the A-site (occupied by the RE elements in this case) is 8-fold coordinated; in an effort to observe any effects of coordination geometry and crystal electric field on the resulting magnetic moment, this data is plotted alongside the available values of magnetic moments for an 8-fold coordinated RE compound (RE2Ti2O7 pyrochlore) and a 6-fold, octahedrally-coordinated RE compound (KBaRE(BO3)2 in the low-temperature case, Ba2RE2/3TeO6 in the high-temperature case). The plotted values can be seen in Table 4 . It is observed that at high temperatures, the magnetic moments of all compounds are approximately equivalent, and close in value to the ideal free ion magnetic moment.
The story is quite different in the low-temperature data; immediately apparent is the fact that the measured moments at low temperatures are consistently lower than the ideal free ion values, often by significant margins. The singular and quite notable exception to this trend is Tm, where the measured values for both the 8-fold garnet and 6-fold coordinated compounds are higher than the ideal value (data is unavailable for the 8-fold coordinated pyrochlore Tm2Ti2O7).
In addition to this anomaly, the values for the three structure families vary much more than in the high-temperature case, with sometimes large separations between values for the same element.
No unambiguously clear trends are immediately apparent, although it is noted that the effective moments in the 6-fold coordinated borates tend to be relatively close to the ideal values, while the 8-fold coordinated garnets show a large degree of element-dependent variability. Finally, it is noted that the Er-containing compounds seem to show the most variation with change in structure, with the 8-fold coordinated pyrochlore having almost the ideal magnetic moment, while the 8-fold coordinated garnet is over 20% lower than the ideal value.
The magnetization at 9 T in cases where saturation or near saturation was observed in the M-H curves are plotted in Figure 17 , along with the "ideal" values of saturation magnetization, M = gJ*J. The lower panel shows the same data normalized to the "ideal value". It can be seen that the Gd case is closest to the expected saturation value but that many of the materials display magnetizations that are considerably less than what is expected. As in other materials in which similar behavior has been observed [52] , in the current materials it may be due to the presence of magnetic anisotropy and thus a powder averaging over crystallites with different orientations with respect to the applied field. This is consistent with the observation that the 4f 7 Gd-based material, expected to have the most isotropic spin system, shows saturation closest to the ideal full value. [21] b. ref [22] c. ref [20] d. ref [23] e. ref [24] f. ref [25] g. ref [26] h. ref [27] 3.1 3.335 f 2.67 g a. ref [46] b. ref [47] c. ref [48] d. ref [49] e. ref [50] f. ref [51] g. ref [33] Figure Captions 
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